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Acute human immunodeficiency virus (HIV) infection is associated with the rapid development of neutral-
ization escape mutations. The degree to which viral evolution persists in chronic infection has not been well
characterized, nor is it clear if all patients develop high-level neutralization antibody escape. We therefore
measured neutralizing antibody responses against autologous and heterologous viruses in a cohort of acutely
and chronically infected subjects (n � 65). Neutralizing antibody responses against both autologous virus and
heterologous viruses were lower among individuals with acute infection than among those with chronic
infection. Among chronically infected individuals, there was a negative correlation between the level of
neutralizing antibodies against autologous virus and the level of viremia. In contrast, there was a positive
correlation between the level of neutralizing antibodies against a panel of heterologous viruses and the level of
viremia. Viral evolution, as defined by the presence of higher neutralizing titers directed against earlier viruses
than against contemporaneous viruses, was evident for subjects with recent infection but absent for those with
chronic infection. In summary, neutralizing antibody responses against contemporaneous autologous viruses
are absent in early HIV infection but can be detected at low levels in chronic infection, particularly among those
controlling HIV in the absence of therapy. HIV replication either directly or indirectly drives the production
of increasing levels of antibodies that cross-neutralize heterologous primary isolates. Collectively, these
observations indicate that although HIV continuously drives the production of neutralizing antibodies, there
may be limits to the capacity of the virus to evolve continuously in response to these antibodies. These
observations also suggest that the neutralizing antibody response may contribute to the long-term control of
HIV in some patients while protecting against HIV superinfection in most patients.

A major focus of the human immunodeficiency virus (HIV)
vaccine effort is the development of broadly reacting neutral-
izing antibodies. An ideal antibody would retain potent anti-
HIV activity against a diverse panel of primary isolates and
would target conserved epitopes within the envelope (Env)
protein that are fixed and unable to evolve in response to
selective pressures. One manner in which to identify such an-
tibodies (or to define whether such responses even occur) is to
assess the role of neutralizing activity in the setting of estab-
lished HIV infection. HIV-infected individuals may also pro-
vide access to plasma that retains potent and broad neutraliz-
ing antibody activities against heterologous viruses, including
viruses that are prevalent in other HIV-infected individuals.

Most recently infected individuals mount a vigorous anti-
body response directed against autologous HIV. During this
time, HIV typically evolves rapidly in response to this neutral-
izing antibody response. As a consequence, at any time during
early HIV disease, antibody responses are more likely to rec-
ognize earlier autologous viruses than contemporaneous virus
(2, 18, 36, 44, 51). The well-documented emergence of anti-

body escape during early HIV infection argues against a pro-
tective role of neutralizing antibodies in the setting of chronic
infection. However, several issues remain unresolved. First, the
degree to which neutralizing antibody escape evolution persists
indefinitely has not been well defined. Theoretically, HIV may
be constrained in its ability to continuously and fully escape
neutralizing antibody responses over a period of years. Second,
the rapid emergence of neutralizing escape mutations in the
setting of primary HIV infection does not preclude the possi-
bility that a small subset of patients may develop and maintain
neutralizing antibody responses that effectively control HIV
replication. Although some studies suggest that potent neutral-
izing antibody responses contribute to the control of HIV in
patients with nonprogressive HIV infection (i.e., long-term
nonprogressors) (9, 40, 41), other studies have failed to detect
effective neutralizing responses in these patients (5, 20, 30).
Finally, the presence of viral escape from neutralizing antibodies
does not rule out the possibility that partially effective responses
might persist. The latter concept is supported by recent observa-
tions indicating that residual antiretroviral drug pressure often
persists in the presence of high-level drug resistance, suggesting
that there are limits in the ability of HIV to completely evade
some antiviral responses (4, 8, 13).

Antiretroviral therapy dramatically affects the complex rela-
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tionship that exists between the virus and the host response.
Although most studies have shown that anti-HIV neutralizing
antibody responses decline after the introduction of therapy
(presumably due to a decrease in antigenic stimulation), serial
structured treatment interruptions, which are designed to en-
hance HIV-specific T-cell responses, have been associated with
enhanced neutralizing activity against autologous virus (35).
Similar observations have been reported among patients with
intermittent viremia (“blips”) (6). Finally, several studies have
reported potent responses against autologous virus in the set-
ting of partially effective antiretroviral therapy (6, 37, 38). The
latter observations are consistent with a series of recent studies
indicating that the emergence of drug-resistant HIV is associ-
ated with a decrease in relative virulence of HIV in vivo (12,
28) and that a significant subset of patients with low-level
drug-resistant viremia exhibit heightened HIV-specific CD4�

T-cell and CD8� T-cell responses (1, 14, 16, 42, 48).
Most earlier studies addressed the role of neutralizing anti-

body activity either by using lab-adapted strains (which could
not provide insights about antibody responses against autolo-
gous virus) or by using labor-intensive approaches in which
autologous virus was first cultured and passaged in vitro (which
may have altered the virus). Because of these technical and
practical limitations, novel techniques in which autologous vi-
rus can be assayed against patient-derived plasma in a high-
throughput manner have been developed (11, 15, 44). In these
techniques, pseudotyped vectors containing patient-derived
env gene sequences undergo single rounds of replication in the
presence or absence of patient-derived serum. These assays
generally correlate well with the more established but labor-
intensive peripheral blood mononuclear cell assays and have
been recommended for use with studies assessing vaccine ef-
ficacy (7, 31, 34).

Given the number of unresolved questions regarding the
role of neutralizing antibodies in the setting of established HIV
infection and the recent development of assays able to quantify
autologous responses in a high-throughput manner, we ana-
lyzed cross-sectional and longitudinal samples from a diverse
group of recently and chronically infected adults. Our primary
objective was to determine whether neutralizing activity directed
against autologous virus has any associated impact on levels of
viremia. We focused on four well-characterized groups of pa-
tients, including those with (i) acute infection, (ii) chronic infec-
tion with poorly controlled HIV replication (virologic noncon-
trollers), (iii) chronic infection with long-term control of HIV
replication (virologic controllers), and (iv) chronic infection with
long-term control of drug-resistant HIV (partial controllers on
antiretroviral therapy [PCAT]). The latter two groups were cho-
sen because evidence from our group and others indicates that
they retain high levels of HIV-specific CD4� T cells, a subpopu-
lation that is likely important for the generation and differentia-
tion of a neutralizing antibody response (16). As a secondary
objective, we analyzed the level of cross-neutralizing activity
against a large panel of heterologous primary viruses.

MATERIALS AND METHODS

Study design. We assessed participants enrolled in two ongoing prospective
cohort studies aimed at defining the immunologic and virologic characteristics
associated with disease outcome in recently infected individuals (Options cohort)

or in chronically infected individuals (SCOPE cohort). All subjects in each
cohort provided written informed consent.

Characteristics of the UCSF Options project have been described previously
(21). Enrolled subjects must have evidence of acute or recent HIV infection as
defined by (i) negative or weakly reactive HIV antibody test, enzyme immuno-
assay, and Western blot analysis results, with detectable plasma HIV RNA levels,
(ii) documentation of a negative HIV antibody test result within the previous 12
months and a positive antibody test at screen, or (iii) a history compatible with
recent HIV infection, with laboratory evidence of recent antibody seroconver-
sion by use of a sensitive/less-sensitive enzyme immunoassay testing strategy (23).
From this cohort, we selected individuals who presented with acute/recent HIV
infection and who had plasma samples available prior to the introduction of
antiretroviral therapy.

The UCSF SCOPE cohort has enrolled over 600 chronically infected adults.
All subjects are observed every 4 months (14, 22). From this cohort, we selected
two subsets of chronically infected individuals who were controlling HIV repli-
cation in the absence of fully effective antiretroviral therapy: (i) virologic con-
trollers, defined as antiretroviral drug-untreated individuals who have a steady-
state plasma HIV RNA level below 2,000 copies/ml, and (ii) PCAT, defined as
antiretroviral drug-treated individuals with multidrug-resistant HIV and a
steady-state plasma HIV RNA level between 500 and 10,000 copies/ml. As a
comparator group, we selected a group of virologic noncontrollers, defined as
antiretroviral drug-untreated individuals with plasma HIV RNA levels of �2,000
copies/ml.

Longitudinal analysis was performed with 32 subjects. This included five indi-
viduals with acute HIV infection who initiated and subsequently discontinued
antiretroviral therapy. This interruption period was studied in detail, as this may
mimic the period of untreated early HIV infection. We also studied chronically
infected individuals who remained untreated (five controllers and three noncon-
trollers) or who remained on a stable partial suppressive regimen (14 PCAT
subjects). Finally, we studied seven virologic noncontrollers who initiated and
responded virologically to combination antiretroviral therapy. In each case, lon-
gitudinal neutralizing antibody responses were measured against the baseline
autologous virus. Longitudinal neutralizing antibody responses against contem-
poraneous autologous viruses and against laboratory-adapted strains were also
measured for most subjects.

Cross-neutralizing activity against heterologous primary and laboratory
viruses. The capacity of patient-derived plasma to neutralize heterologous iso-
lates from other members of the cohort was assessed using two separate matrices.
Eight participants were included in the first experiment and 17 subjects in the
second experiment. In each experiment, baseline plasma samples were tested
against the baseline autologous virus from each of the other subjects. No subject
contributed data to both experiments. For all subjects, we also tested the ability
of plasma to neutralize heterologous laboratory stains (NL4-3 and JR-CSF), as
outlined below.

Neutralizing antibody assay. The antibody neutralization assay is a modifica-
tion of the Monogram Biosciences HIV coreceptor tropism assay (44). Briefly,
HIV genomic RNA was isolated from virus stocks or plasma. DNA spanning the
open reading frame of gp160 was amplified by reverse transcription PCR using
forward and reverse primers located immediately upstream and downstream of
the env initiation and termination codons, respectively. env PCR products were
digested and ligated to compatible ends in an expression vector. These ligation
products were then introduced into competent Escherichia coli cells by transfor-
mation, and plasmid DNA was purified from bacterial cultures. Virus particles
containing patient virus Env proteins were produced by cotransfecting HEK293
cells with env libraries plus an env HIV genomic vector that contains a firefly
luciferase indicator gene. Recombinant viruses pseudotyped with patient-derived
virus Env proteins were harvested 48 h posttransfection and incubated for 1 h at
37°C with serial fourfold dilutions of heat-inactivated patient plasma samples.
U87 cells that express CD4 plus the CCR5 and CXCR4 coreceptors were inoc-
ulated with virus-plasma dilutions. Virus infectivity was determined 72 h posti-
noculation by measuring the amount of luciferase activity expressed in infected
cells. Neutralizing activity was displayed as the percent inhibition of viral repli-
cation (luciferase activity) at each antibody dilution compared to an antibody-
negative control: % inhibition � [1 � (luciferase with antibody/luciferase with-
out antibody)] � 100. Titers were calculated as the reciprocal of the plasma
dilution conferring 50% inhibition.

Recombinant viruses psuedotyped with Env proteins from amphotropic mu-
rine leukemia virus (aMLV) were used as a negative control. These Env proteins
are able to mediate virus entry in U87/CD4/CCR5/CXCR4 cells but are not
inhibited by anti-HIV Env antibodies. Recombinant viruses pseudotyped with
Env proteins from HIV laboratory isolates known to be relatively neutralization
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sensitive (e.g., NL4-3 and SF162) or neutralization resistant (e.g., JR-CSF) were
also studied in each experiment.

For samples derived from antiretroviral drug-treated patients, modifications to
this assay were needed to exclude the potential inhibitory activity of drugs in
patient-derived serum. HIV expression vectors were therefore constructed with
multidrug-resistant reverse transcriptase and protease in experiments involving
antiretroviral drug-treated patients. All pseudotyped virions (e.g., NL4-3, JR-
CSF, aMLV, and autologous virus) contained the same reverse transcriptase/
protease in these studies.

T-cell activation. T-cell activation (as defined by the coexpression of CD38 and
HLA-DR) was measured for a subset of chronically infected individuals. As
previously described (22), these studies were performed using freshly collected,
EDTA-anticoagulated whole blood and analyzed by four-color flow cytometry
with a Beckman Coulter Epics XL flow cytometer. Activated T cells were iden-
tified using fluorescein isothiocyanate-conjugated anti-HLA-DR, phycoerythrin-
conjugated anti-CD38, phycoerythrin-cyanin red 5.1-conjugated anti-CD3, and
phycoerythrin-Texas Red-conjugated anti-CD4 or -CD8. To exclude monocytes
and natural killer cells, expression of CD3 was included in the definition of both
CD4� and CD8� T cells. Cell subpopulations expressing the activation markers
CD38 and/or HLA-DR were gated from the total CD3� CD4� or CD3� CD8�

populations on a two-dimensional dot plot where quadrant gates, defined by
pertinent isotype control antibodies, were used to delineate positive and negative
populations.

Statistical analysis. Nonparametric tests were used for all analyses. Differ-
ences in continuous variables between patient groups were analyzed with the
Mann-Whitney U test. All correlations were determined using Spearman’s rank
correlation. Changes in neutralizing antibody titers were assessed over time by
using generalized estimating equations, treating the month of observation as a
categorical predictor and log transforming the neutralizing antibody titer to meet
model assumptions. Changes in neutralizing antibody titers over time were as-
sessed with nonlinear tests of trend.

RESULTS

Subject characteristics. A total of 65 individuals were in-
cluded in this study (Table 1). Twenty-four subjects had evi-
dence of recent HIV infection (median estimated duration of
infection, 2.4 months; interquartile range [IQR], 2.2 to 2.4).
Eight subjects were virologic controllers and had maintained
low-level viremia in the absence of therapy. Nineteen subjects
were virologic noncontrollers. Fourteen subjects had main-
tained partial control of viral replication on antiretroviral ther-
apy despite the presence of drug-resistant HIV.

Neutralizing responses against autologous virus. The de-
grees to which antibodies found in patient plasma neutralize
autologous virus from the same time point were assessed at the
first time point for all patients. Low-level responses with titers
in the range of 1:20 to 1:100 were observed with most chron-
ically infected subjects (Fig. 1A). When all chronically infected
subjects were considered, there was a consistently higher re-
sponse to the contemporaneous autologous virus than to the

non-HIV envelope control virus (murine leukemia virus [MLV]),
suggesting that low-level autologous activity may exist in
these individuals (P of �0.001 for the response to autolo-
gous virus versus MLV). In contrast, a neutralizing antibody
response against autologous virus was generally absent in
individuals with acute HIV infection and was much lower
than that observed in individuals with chronic infection (P �
0.001) (Fig. 1A).

There was a negative correlation between the neutralizing
titer against autologous virus and the plasma HIV RNA level
among all subjects (� � �0.29, P � 0.03, n � 57) but no
association between the neutralizing antibody response against
autologous virus and the CD4� T-cell count. Since this analysis
may have been confounded by rapidly changing HIV RNA
levels in the setting of acute infection as well as by the com-
plicated impact which treatment may have had on virus-host
interactions, we analyzed untreated chronically infected sub-
jects separately. A negative association between the neutral-
izing antibody response against autologous virus and the
steady-state level of viremia was also observed within this
subset (� � �0.40, P � 0.05) (Fig. 1B). Collectively, these
observations provide indirect evidence supporting a persis-
tent and partially effective neutralizing antibody response
against autologous virus.

Cross-neutralizing activity against heterologous viruses.
The capacity of antibodies in patient-derived plasma to neu-
tralize primary isolates from other members of the cohort was
assessed using two separate matrices. In the first experiment,
plasma samples from five virologic controllers and three vi-
rologic noncontrollers were tested against the baseline virus
from each of these subjects (Table 2). In the second experi-
ment, plasma samples from three virologic controllers, eight
virologic noncontrollers, and six PCAT were tested against the
baseline virus from each of these subjects (Tables 3 and 4).

The magnitude of the cross-neutralizing response was de-
fined based on the average neutralizing titer against all heter-
ologous viruses. The average magnitude of the neutralizing
antibody against heterologous viruses was consistently higher
than the response observed against contemporaneous autolo-
gous virus (P � 0.02; Wilcoxon rank test). This trend was
observed within each of the three subsets of subjects studied:
virologic controllers, virologic noncontrollers, and PCAT.

The breadth of the cross-neutralizing response was defined
based on the number of viruses that were effectively neutral-
ized by any given patient-derived plasma sample (where a

TABLE 1. Cohort characteristics by treatment group

Characteristic

Median value (IQR) for group(s)

All
(n � 65)

Acute
(n � 24)

Controller
(n � 8)

Noncontroller
(n � 19)

PCAT
(n � 14)

Age (yr) 42 (37–48) 38 (32–46) 43 (41–48) 43 (38–46) 45 (41–50)
CD4� T-cell count (cells/mm3) 506 (372–750) 544 (480–693) 799 (734–1,022) 374 (131–681) 417 (359–477)
CD8� T-cell count (cells/mm3) 1,111 (738–1,315) 1,140 (1,002–1,274) 1,319 (888–1,475) 1,025 (650–1,299) 1,071 (763–1,284)
Plasma HIV-1 RNA level

(log10 copies/ml)
3.94 (3.18–4.81) 4.77 (4.30–5.39) 2.93 (2.45–3.06) 4.42 (3.92–4.85) 2.75 (2.55–3.41)

Nadir CD4� T-cell count
(cells/mm3)a

110 (65–222)

Duration of HIV infection (yr) 5.4 (0.2–13.1) 0.2 (0.2–0.2) 12.6 (7.8–14.7) 8.7 (4.1–13.2) 12.7 (8.9–14.9)

a Nadir CD4� T-cell count was defined as the lowest prior CD4� T-cell count and was measured only for the antiretroviral drug-treated cohort.
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positive response was defined by the presence of a �3-fold-
higher response against the heterologous virus than against the
aMLV control). The breadths of the responses varied but were

generally higher for virologic noncontrollers than for virologic
controllers: plasma from the noncontrollers neutralized a me-
dian of 71% of other viruses (IQR, 48% to 88%), while plasma
from the controllers neutralized a median of 43% of other
viruses (IQR, 25% to 54%). The PCAT subjects had very low
levels of cross-neutralizing activity (plasma from these individ-
uals neutralized a median of 4% of other viruses [IQR, 0% to
19%]).

When all subjects were considered, there was a positive
association between the magnitude of the neutralizing re-
sponses against heterologous virus and the level of viremia
(� � 0.48, P � 0.01, n � 25). This effect was also seen when we
limited our analysis to the chronically untreated subset (� �
0.53, P � 0.02, n � 19) (Fig. 1C). There was also a similar
association between the breadth of the neutralizing response
against heterologous virus (in terms of the proportion of vi-
ruses which tested positive) and the level of viremia (� � 0.50,
P � 0.01, n � 25).

The degree to which antibodies in patient plasma samples
could neutralize heterologous viruses was also assessed by
measuring responses to three well-characterized laboratory
strains (NL4-3, SF162, and JR-CSF). Neutralizing responses to
these viruses were much higher than those observed to occur
against contemporaneous autologous virus (P of �0.001 for
each pairwise comparison). Also, as seen with autologous re-
sponses, the response to these viruses was much higher for
patients with chronic infection than for patients with acute

TABLE 2. Cross-neutralizing activity against heterologous virus,
determined by using plasma from antiretroviral-untreated subjectsa

Source of virus

Neutralizing antibody titer from plasma fromb:

Virologic
controller patient

Virologic
noncontroller patient

1009 1050 1056 1086 4006 1027 1028 1503

Patient groups and
ID no.

Controllers
1009 68* 42 70 725* 50 433* 122* 41
1050 54 136* 83* 491* 76* 245* 167* 153*
1056 19 36 72 50 46 31 42 58
1086 35 27 26 73* 52 34 299* 55
4006 47 65* 58 104* 126* 68* 59 102*

Noncontrollers
1027 21 34 42 71* 42 246* 78* 69
1028 65* 88* 101* 300* 76* 270* 98* 95*
1503 48 91* 77 457* 75* 395* 128* 186*

Virus and lab strains
aMLV 20 20 27 20 23 20 20 26
JR-CSF 32 59 63 174 62 155 184 57
NL4-3 818 1,630 877 1,519 524 1,864 2,204 2,848

a Neutralizing HIV antibody titers were measured in plasma derived from
chronically infected, antiretroviral-untreated subjects meeting our study defini-
tion of virologic controllers or noncontrollers (patient identification �ID	 num-
bers are given). These data reflect the average cross-neutralization titers deter-
mined by using plasma from two to four consecutive visits.

b The neutralizing antibody titer is defined as the reciprocal of the dilution of
plasma that produces 50% inhibition of target cell infection. Values marked with
an asterisk indicate neutralizing titers that are at least three times greater than
those observed against the negative control virus (aMLV). Numbers in bold
indicate that the neutralizing antibody titer was derived using plasma and virus
from the same subject (autologous virus). Titers against laboratory strains (JR-
CSF and NL4-3) and against aMLV are also shown.

FIG. 1. (A) Neutralizing antibody titers against contemporaneous
autologous virus for subjects with acute HIV infection (n � 19) and for
subjects with chronic infection (n � 41). (B) Relationship between
HIV RNA levels and the neutralizing titers against autologous virus
for antiretroviral drug-untreated, chronically infected subjects. There
was a negative correlation between viremia and the autologous neu-
tralizing antibody titer (� � �0.40, P � 0.05). (C) Relationship be-
tween HIV RNA levels and the mean neutralizing titers against a
panel of viruses obtained from other antiretroviral drug-untreated
subjects with chronic infection. There was a positive correlation be-
tween viremia and the average heterologous response (� � 0.53, P �
0.02). For each panel, the neutralizing antibody titer is defined as the
reciprocal of the dilution of plasma that produces 50% inhibition of
target cell infection (higher titers signify greater levels of neutralizing
activity).
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infection (P of �0.001 for each pairwise comparison of acute
versus chronic infection).

Viral evolution is evident in recent but not chronic infection.
Previous studies have shown that among recently infected pa-
tients, viral evolution in response to neutralizing antibody ac-
tivity is so rapid that titers against autologous virus obtained at
the concurrent time point are low to undetectable, while titers
against virus sampled several months earlier are often high (44,
51). Here, we assessed the degree to which neutralizing anti-
body titers against autologous virus emerged over time for the
five acutely infected subjects who initiated and responded vi-
rologically to a combination regimen and who subsequently
discontinued therapy (Fig. 2A). The neutralizing antibody re-
sponse against autologous virus and laboratory strains was low
prior to the introduction of therapy. Interruption of therapy
was associated with a variable increase in HIV RNA levels but
a consistent increase in the ability of patient-derived plasma to
neutralize NL4-3, SF162, and JR-CSF (P of �0.001 for NL4-3,
P of �0.0001 for SF162, and P of 0.03 for JR-CSF; test-of-
trend analysis). Autologous responses against the baseline vi-
rus also increased over time (P � 0.002; test-of-trend analysis).
Of note, although the response to contemporaneous virus was
low for most subjects, it increased with time, suggesting resid-
ual activity of these responses at later time points (P � 0.04;
test-of-trend analysis). These data among acutely infected in-
dividuals interrupting effective antiretroviral therapy are con-
sistent with previous observations made in the setting of un-

treated primary infection (44) and support the concept that
HIV is able to evolve rapidly in response to active antibody-
mediated immunologic pressure. However, the observation
that the response directed against contemporaneous virus in-
creases with time suggests that the ability of the virus to com-
pletely evade neutralizing responses may be limited.

We also studied longitudinal changes in the setting of
chronic infection (Fig. 2B). A total of 23 individuals were
studied (five virologic controllers, four virologic noncon-
trollers, and 14 partial controllers on antiretroviral therapy). In
each case, the response to the baseline virus was assessed every
16 weeks over a period of 1 year (where baseline was defined
as the first sample available for this analysis). In contrast to
observations with early HIV disease, neutralizing activity
against baseline autologous virus did not increase over time
(P � 0.30; test-of-trend analysis). Responses to laboratory
strains also remained stable over time (P of �0.30 for each
virus). Hence, viral evolution was not detected with patients
who had been infected for several years or more.

Antiretroviral therapy rapidly decreases the level of neutral-
izing antibodies. Seven antiretroviral drug-untreated individu-
als initiated and responded to a combination antiretroviral
regimen (Fig. 3, top). Neutralizing titers against autologous
virus were low for these virologic noncontrollers prior to the
introduction of antiretroviral therapy and did not change sig-
nificantly during the first 1 to 2 years of treatment (Fig. 3,
middle). In contrast, neutralizing activity against NL4-3 was

TABLE 3. Cross-neutralizing activity against heterologous virus, determined by using plasma from antiretroviral-untreated subjectsa

Source of virus

Neutralizing antibody titer from plasma fromb:

Virologic controller patient Virologic noncontroller patient

1504 1508 1516c 1002 1006 1008 1017 1048 1512 1515 3018

Patient groups and ID no.
Controllers

1504 72 82 45 196* 375* 264* 117* 212* 397* 57 101
1508 88* 83 83* 118* 130* 118* 107* 105* 498* 33 103

Noncontrollers
1002 51 67 37 94* 118* 37 51 80* 211* 46
1006 57 99 71* 158* 57 177* 100* 143* 251* 30 50
1008 123* 100 64* 117* 395* 52 68* 114* 192* 33 92
1017 244* 175* 64* 388* 137* 175* 105* 1,119* 175* 425* 114
1048 93* 92 35 131* 350* 64* 95* 102* 573* 50 86
1512 57 56 32 114* 49 55 42 97* 140 33 77
1515 91* 249* 69* 367* 122* 89* 57 310* 615* 41 139
3018 103* 140 81* 249* 266* 187* 153* 198* 1,272* 77* 107

PCAT
2004 39 89 47 56 47 48 48 79* 1,195* 37 81
3002 61 82 58 98* 165* 75* 40 152* 245* 38 78
3037 129* 156 95* 418* 820* 154* 176* 373* 864* 118* 81
3039 56 54 26 229* 153* 55 41 83* 144 43 95

Virus and lab strains
JR-CSF 102 116 75 390 546 182 117 613 314 42 108
NL4-3 4,713 1,720 906 1,891 2,058 639 3,702 5,043 1,950 1,366 781
aMLV 24 58 20 31 26 20 20 22 50 20 65

a Neutralizing HIV antibody titers were measured in plasma derived from chronically infected, antiretroviral drug-untreated subjects meeting our study definition
of virologic controllers or noncontrollers (patient identification �ID	 numbers are given). Neutralization titers were measured against a panel of heterologous primary
viruses representing all three subject groups (virologic controllers, virologic noncontrollers, and PCAT).

b See footnote b of Table 2 for explanations of neutralizing antibody titer, asterisks, and boldface type.
c Virus could not be amplified for subject 1516.
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high prior to therapy and declined dramatically within the first
4 months of observation (Fig. 3, bottom). Two patients expe-
rienced intermittent viremia during therapy. These isolated
periods of detectable viremia were temporally associated with
transient increases in the response against autologous virus but
not against NL4-3 (Fig. 3, middle). These observations indicate
that HIV antigen drives the production of neutralizing anti-
bodies in the setting of advanced HIV disease. The rapid
decrease in NL4-3 responses, with no change in autologous
responses, provides further evidence that most of the anti-HIV
specific neutralizing activity in these chronically infected indi-
viduals is ineffective.

Immune activation and heterologous responses. Several
mechanisms may account for the observation that neutralizing
responses against heterologous viruses, including antigen-
driven stimulation of ineffective HIV-specific antibodies (i.e.,
“original antigenic sin”) and/or nonspecific immune activation,
increased during chronic HIV infection. Although we did not
measure B-cell function directly in this study, we did study the
proportions of CD4� and CD8� T cells coexpressing both
CD38 and HLA-DR. Among chronically infected individuals,
there was a consistent significant direct association between
CD4� T-cell activation and the neutralizing antibody response

against a panel of heterologous viruses (� � 0.52, P � 0.01, n �
22) and between CD4� T-cell activation and neutralizing an-
tibody response against NL4-3 (� � 0.36, P � 0.36, n � 37).
There were similar associations with CD8� T-cell activation
(� of 0.42 and P of 0.05 for responses to heterologous primary
viruses and � of 0.31 and P of 0.06 for responses to NL4-3).

FIG. 2. Change in response to baseline autologous virus and to
laboratory viruses over time in recent (A) and chronic (B) HIV dis-
ease. (A) Five acutely infected subjects initiated and later interrupted
antiretroviral therapy. Viral rebound was associated with increased
responses against contemporaneous virus (P � 0.04), the baseline
autologous virus (P � 0.002), SF162 (P � 0.001), and NL4-3 (P �
0.001). The response to earlier autologous viruses was consistently
higher than the response to autologous virus (data not shown). (B) The
neutralizing responses to baseline autologous virus, SF162, and NL4-3
were measured over 1 year for 23 chronically infected subjects not
modifying or initiating therapy. There was no evidence for a change
over time (P of �0.30 for each virus). Changes in neutralizing antibody
titers were analyzed using generalized estimating equations and as-
sessed with nonlinear tests of trend. Median values and interquartile
ranges are shown.

TABLE 4. Cross-neutralizing activity against heterologous virus,
determined by using plasma from antiretroviral-treated

subjects with partial viral suppressiona

Source of virus

Neutralizing antibody titer from plasma
from PCAT patientb:

2004 3002 3025c 3037 3039 3049c

Patient groups and
ID no.

Controllers
1504 10 115* 234 58 211 72
1508 10 102* 237 53 425* 60
1002 10 72*

Noncontrollers
1006 21 127* 207 33 173 59
1008 21 259* 238 45 163 74
1017 36 241* 250 91 225 141*
1048 40 237* 226 40 176 102*
1512 10 36 258 33 148 43
1515 21 89* 246 44 186 89*
3018 25 165* 240 39 163 73

PCAT
2004 10 43 236 23 177 45
3002 26 54 252 37 358 51
3037 10 197* 249 56 159 61
3039 10 50 172 29 163 53

Virus and lab strains
JR-CSF 34 437 227 41 215 84
NL4-3 260 1,802 347 435 986 1,191
aMLV 20 21 175 41 131 29

a Neutralizing HIV antibody titers were measured in plasma derived from
chronically infected, antiretroviral drug-treated subjects meeting our study def-
inition of PCAT (patient identification �ID	 numbers are given). Neutralization
titers were measured against the same panel of heterologous primary viruses
outlined in footnote a of Table 3.

b See footnote b of Table 2 for explanations of neutralizing antibody titer,
asterisks, and boldface type.

c Virus could not be amplified for subjects 3025 and 3049.
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DISCUSSION

Using a single-cycle recombinant virus assay to measure
neutralizing antibodies against autologous and heterologous
primary isolates, we made a number of observations relevant to

the role of neutralizing antibodies in the settings of acute and
chronic HIV infection. First, neutralizing activity against con-
temporaneous autologous virus was generally low, particularly
with acutely infected individuals. However, among chronically
infected individuals, there was a negative correlation between
the response to autologous virus and plasma HIV RNA levels,
suggesting that these antibodies may contribute to the control
of HIV replication. Second, although the neutralizing antibody
response against autologous virus was low during early HIV
infection, it did increase with time, again suggesting that the
ability of HIV to fully evade neutralizing antibodies is limited.
Third, viral evolution (as defined by the ability of plasma to
neutralize earlier virus more effectively than contemporaneous
virus) was evident in early but not in chronic HIV infection.
Fourth, many subjects, particularly those with advanced dis-
ease and higher levels of viremia, had high cross-neutralizing
antibody responses directed against laboratory viruses and
moderate cross-neutralizing titers directed against heterolo-
gous primary isolates. Finally, the initiation of highly active
antiretroviral therapy resulted in a rapid decrease in the anti-
NL4-3 neutralizing titer, with levels approaching a new steady
state within 4 months of starting therapy. Collectively, these
observations indicate that although HIV evolution is rapid in
early HIV disease it does not persist indefinitely and that there
may be constraints on the virus’s ability to fully evade neutral-
izing antibody responses. Regardless of whether these neutral-
izing antibodies exert an anti-HIV effect in chronic disease,
they appear to retain the ability to cross-neutralize viruses
from other individuals, which may have clinical implications, as
discussed below.

One of the central questions we sought to address is whether
neutralizing antibodies determine, in part, the steady-state
level of viral replication in the setting of either treated or
untreated chronic HIV infection. Based on data indicating that
an effective antigen-specific CD4� T-cell response is critical
for maintaining an effective B-cell response (10, 32), we se-
lected from our cohort a subset of subjects who were known to
have high-level CD4� T-cell responses (i.e., virologic control-
lers and PCAT) (14). Although high-level neutralizing titers
directed against contemporaneous autologous virus were not
observed with most of these subjects, our observation that the
autologous response was higher for patients with lower levels
of viremia argues for a protective role (at least in the setting of
chronic untreated HIV disease). Given the cross-sectional na-
ture of this analysis, it is difficult to conclude whether detect-
able autologous neutralizing antibody responses are a cause or
a consequence of low levels of viral replication. However, our
observation that heterologous virus response increases with
viremia argues against a mechanism whereby antibody produc-
tion is generally spared in patients naturally controlling viral
replication.

The well-documented ability of HIV to escape from neutral-
izing antibody responses is often cited as strong evidence
against any protective role for these antibodies in chronic dis-
ease. In our current study, we extend these findings to include
acutely infected individuals who initiated therapy at the time of
their diagnosis and who subsequently interrupted antiretroviral
therapy (hypothetically, the interruption phase may provide
insights into host-virus dynamics during acute disease). As seen
with untreated primary HIV disease (18, 36, 44, 51), neutral-

FIG. 3. Change in response to autologous virus and NL4-3 after
initiation of an effective antiretroviral treatment regimen. (Top) Seven
antiretroviral drug-untreated subjects with chronic HIV disease initi-
ated and responded virologically to combination antiretroviral therapy.
(Middle) Neutralizing titers against autologous virus were low and did
not change significantly during the first 1 to 2 years of treatment. Two
subjects experienced intermittent viremia (“blips”) upon therapy; au-
tologous responses appeared to increase concurrently with these epi-
sodes. (Bottom) In contrast, neutralizing activity against NL4-3 was
high prior to therapy and decreased rapidly during treatment.
HAART, highly active antiretroviral therapy. Study visit 1 refers to the
visit just prior to the initiation of antiretroviral therapy. The subse-
quent study visits were each separated by 4 months. One subject (3022;
light blue) did not have evaluable responses directed against autolo-
gous virus.
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izing antibody responses against contemporaneous autologous
viruses were generally lower than the responses against earlier
viruses, suggesting that the immune system was not able to
efficiently respond to a rapidly evolving quasi-species. There
may be limits, however, to the ability of the virus to fully
escape, as evidenced by the observation that responses to con-
temporaneous virus increased over time.

Although neutralizing activity against autologous virus was
generally low in the setting of chronic infection, neutralizing
activity against heterologous virus was often high. This was
particularly true with regard to the response to NL4-3 and
SF162 for chronically infected individuals with high-level vire-
mia. NL4-3 is a lab-adapted strain that has presumably lost
those virologic factors that protect against antibody-mediated
neutralization in vivo (47). NL4-3-specific responses may
therefore be a surrogate for the overall level of HIV-specific
neutralizing titers. Our observation that neutralization titers to
NL4-3 increased with advanced disease and then decreased
rapidly in response to antiretroviral drug-mediated suppres-
sion of viral replication argues that the generation of these
antibodies in the setting of advanced immunodeficiency is
driven by antigenic stimulation. HIV-mediated production of
antibodies may reflect nonspecific B-cell activation and/or an
“original antigenic sin” phenomenon. With regard to the
former point, our group and others have shown high levels of
T-cell activation for patients with advanced disease and have
determined that these levels decrease dramatically in response
to treatment (22, 29, 50). Chronic polyclonal B-cell activation
has also been reported in the setting of advanced HIV disease
(27, 37, 45). Although we did not measure B-cell function
directly in this study, we observed a consistent relationship
between both CD4� and CD8� T-cell activation (as defined by
expression of CD38 and HLA-DR) and the level of neutraliz-
ing antibody responses against heterologous virus, suggesting
that immune activation drives some of the HIV-specific neu-
tralizing antibodies in the setting of chronic disease. With
regard to the second point (“original antigenic sin”), it is pos-
sible that B cells and other antibody-secreting cells that were
primed by earlier viral strains continue to produce antibody in
response to antigen-driven stimulation from related but neu-
tralization-resistant strains. This phenomenon has been well
described for other chronic viral infections (17, 25, 33).

Low to moderate cross-neutralizing activity was also ob-
served when plasma from a disparate group of chronically
infected subjects was tested against a panel of patient-derived
viruses. Although the clinical relevance of these observations
remains unclear, it is interesting to speculate that such neu-
tralizing antibody responses against heterologous viruses might
protect against HIV reinfection (or superinfection). Most well-
documented cases of HIV superinfection have occurred in the
setting of recent HIV infection (3, 24, 26, 43, 46, 52). Super-
infection appears to be very uncommon in the setting of ad-
vanced HIV disease (19, 49). This potential relationship be-
tween the duration of HIV disease and susceptibility to HIV
superinfection was tested empirically in a macaque model,
where it was shown that the risk of superinfection was high
during the acute stage but waned rapidly with time (39). Our
observations that higher HIV RNA levels in chronic disease
are associated with increased titers of response against heter-
ologous viruses (in terms of both magnitude and breadth)

suggest that humoral immunity might protect against reinfec-
tion in some individuals.

Our study has several limitations that deserve comment.
Most importantly, our observation that the level of viremia is
negatively correlated with the autologous responses is based on
a cross-sectional analysis, making it difficult to discern cause
and effect. Although low-level viremia may be a consequence
of effective HIV immunity, it is also possible that low-level
viremia may preserve immune function and the production of
antibodies that have an insignificant impact on viral replica-
tion. This seems to be less likely given the observation that viral
replication appears to drive the production of HIV-specific
neutralizing antibodies, as shown by the consistent association
between HIV RNA levels and responses to heterologous vi-
ruses, as well as by the observation that antiretroviral treat-
ment decreases these responses. A second limitation pertains
to our observations regarding viral evolution, which was evi-
dent for acutely infected individuals interrupting therapy but
not evident for chronically infected individuals in steady state.
A more appropriate comparison group for our chronically in-
fected individuals would have been recently infected patients
who did not receive antiretroviral therapy. However, a previ-
ous study of recently infected individuals using the same meth-
ods provided consistent evidence for viral evolution in early
untreated HIV disease (44). More importantly, it should be
emphasized that our conclusion regarding the lack of viral
evolution is based on indirect inferences (i.e., a lack of increas-
ing neutralizing titers against earlier viruses). A more definitive
manner to test this issue is to sequence virus from plasma and
peripheral blood mononuclear cells over time and then to
directly compare rates of viral escape in early versus late HIV
infection. Finally, although our conclusions suggest that HIV
may not be able to fully evolve to escape all neutralizing pres-
sures, it is also possible that the host may have limits in its
capacity to continue to generate novel epitope-specific anti-
body responses.

In conclusion, low but measurable neutralizing antibody re-
sponses against autologous virus exist in some chronically in-
fected individuals, suggesting a role of these responses in the
durable control of HIV replication. Viral evolution, as defined
based on evolving neutralizing responses over time, is clearly
evident with recent infection but not with long-term chronic
infection. The latter observation suggests that HIV might be
constrained in its ability to evade neutralizing response indef-
initely and/or that the immune system is eventually exhausted
and unable to generate highly effective neutralizing antibody
responses over time. Finally, chronic HIV infection drives the
ongoing production of HIV-specific antibodies that effectively
neutralize heterologous viruses. Whether this observation re-
flects antigen-driven expansion and/or abnormal B-cell activa-
tion remains to be determined.
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